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 Four WO3/Fe3O4 nanopowders were synthesized by chemical co-precipitation 
method. 
 By increasing the content of WO3, the magnetite phase content also increased. 
 WO3 can promote degradation efficiency of WO3/Fe3O4 for thiacloprid removal. 
 Content of WO3 in synthesized catalysts affects the process of magnetic separation. 
 
Abstract 
This work presents the characterization of novel synthesized WO3/Fe3O4 catalysts and 
investigates their photocatalytic activity for thiacloprid decomposition under UV and 
simulated sunlight radiation. Four WO3/Fe3O4 nanopowders with different amounts of WO3 
were synthesized by chemical co-precipitation method. XRD analysis showed the presence 
of hematite and magnetite nano-dimensional phases of Fe3O4 in the catalysts. The magnetite 
phase content increased with increasing WO3 content. Degradation efficiency of thiacloprid 
in the presence of 6.1WO3/Fe3O4/H2O2 under simulated solar radiation was 2.2 times higher 
compared to Fe3O4. Under an external magnetic field, a significant increase in the catalysts 
separation from reaction mixture was observed. 
 




 The enormous industrial development and growth of the human population has led to 
very serious environmental problems due to the uncontrolled release of harmful compounds 
[1,2]. The increasing use of pesticides, pharmaceuticals, lifestyle products, food additives, 













pollution [3]. Most of these compounds are characterized by high environmental stability. 
As a consequence, it has been reported that clean water supplies are struggling to meet ever-
increasing demands. Water supply remains a significant global challenge, with the World 
Health Organization estimating that around 844 million people lack even basic drinking 
water services [4]. 
 The so-called advanced oxidative processes (AOPs), oxidation processes which 
generally lead to the total mineralization of organic pollutants into harmless final products, 
have attracted a great deal of recent attention [5,6]. For the treatment of water pollution, a 
TiO2 slurry is the most frequently applied method [7]. The main drawback of this method is 
that the suspended photocatalysts can be hard to separate from the treated water and are thus 
difficult to reuse. This issue is particularly relevant for nanomaterials, whose difficulty in 
separation hinders their practical application at industrial scales and leads to more pollution. 
One possible solution which is investigated herein, is the use of magnetic materials as a 
supporting material. Fe3O4 nanoparticles have the superparamagnetic property, which allows 
them to be easily separated from a suspension with an external magnetic field [8,9]. 
 Many efforts have been made to develop light-driven photocatalysts in order to make 
good use of solar energy [10]. Although many different types of photocatalyst have been 
synthesized, most of them only show significant activity under the influence of UV 
irradiation, which accounts for only about 4% of the solar spectrum [11–15]. This imposes 
the necessity of applying the photo-Fenton process, which is the most suitable of all AOPs 
to utilise solar irradiation, because the soluble iron–hydroxyls and especially the iron–
organic acid complexes, absorb not only UV irradiation but even part of the visible light 
spectrum. This system is very efficient for generating radicals for oxidative processes [16], 
especially at pH 2.8 [17], where approximately one half of the Fe(III) is present as the Fe3+ 
ion and the other half as Fe(OH)2+ ion: a photo-active species. The main advantage of the 
photo-Fenton system is light sensitivity up to a wavelength of 600 nm [18]. 
 Among the different organic substances that are known as water pollutants, 
pesticides are the main source of pollution for both ground and surface waters [19]. 
Neonicotinoids are a relatively new kind of insecticide, used in the past few decades to 
control various pests, especially whiteflies, sucking insect pests such as aphids, leafhoppers 
and planthoppers, some micro-Lepidoptera, thrips, and some coleopteran pests [20]. Studies 
of the environmental behaviour of neonicotinoid insecticide thiacloprid (TCL, (Z)-3-(6-
chloro-3-pyridylmethyl)-1,3-thiazolidin-2-ylidenecyanamide) have shown that the molecule 













at pH 10, only 10% of TCL was degraded in aerated water over the same time scale [21,22]. 
Flash photolysis [23], photocatalytic ozonation [22,24], UV, UV/H2O2, UV/Fe/TiO2/H2O2 
[25,26], UV/ZnO, Vis/ZnO [27,28] and Vis/Fe/TiO2/H2O2 [29] are all processes which have 
been used for TCL removal from water. 
Although there are numerous examples of various synthesis methods for obtaining either 
Fe3O4 or WO3 [30–34], synthesis of the WO3/Fe3O4 photocatalyst is relatively rare. Besides, 
based on the available literature, precipitation of Fe species with WO3 particles using 
subsequent calcination, used in this paper for synthesis of mentioned catalyst, was not 
studied yet. Especially, there is no case of WO3/Fe3O4 using, synthesized in any way, for the 
photocatalytic degradation of TCL.  
The objective of this study was to 1) prepare novel cost-effective WO3/Fe3O4 materials 
with different WO3 contents, 2) characterize them by a number of physicochemical methods 
(XRD, SEM, TEM, N2 physisorption at 196 °C, SQUID and UV-Vis DRS), 3) test their 
photocatalytic activities using the example of TCL degradation under UV and simulated 
sunlight radiation in aqueous suspension containing H2O2, 4) use the best material obtained 
to study in detail TCL removal under a variety of experimental conditions, and 5) examine 
how the content of WO3 in synthesized catalysts affects the efficiency of magnetic 















2. Materials and methods 
2.1. Materials 
All chemicals were reagent grade and were used without further purification. Thiacloprid 
(C10H9ClN4S, 99.9% purity) and 99.8% acetonitrile (ACN) were obtained from Sigma-
Aldrich (USA); HCl and NaOH were purchased from ZorkaPharm (Šabac, Serbia); 
Na2WO4·2H2O and H2SO4 were from Merck (Germany); FeCl3·6H2O and FeSO4·7H2O 
were obtained from Poch (Gliwice, Poland); 30% H2O2 was produced by Centrohem (Stara 
Pazova, Serbia); 85% H3PO4 was purchased from Lachema (Neratovice, Czech Republic) 
and AgNO3 was obtained from Kemika (Zagreb, Croatia). All solutions were prepared using 
double distilled water. 
 
2.2. Catalyst synthesis 
WO3 was first prepared using a method similar to that described by Gotić et al. [31]. 
Under vigorous magnetic stirring, 0.7 mol L−1 HCl was added to 50 mL of 1 mol L−1 
Na2WO4 solution until the final pH of the clear solution reached a value of 1.4. The reaction 
solution was then warmed to 60 °C and held without stirring for 48 h. After this, the solid 
white product was separated from the mother liquor by filtration using a glass Buchner 
funnel. The white precipitate was then washed several times with double distilled water and 
dried at 60 °C for 48 h. The resulting WO3 powder was placed in a desiccator and used for 
the further synthesis of WO3/Fe3O4 composites. Four WO3/Fe3O4 nanopowders with a 
different mass ratio of WO3 to Fe3O4 were synthesized via the chemical co-precipitation 
method. For each synthesis 50 mL of 0.14 mol L−1 FeSO4·7H2O aqueous solution and 100 
mL 0.14 mol L−1 FeCl3·6H2O aqueous solution (molar ratio Fe
2+ to Fe3+ = 1:2) were mixed 
in a double-walled vessel. 
The mixture was stirred and warmed to 40 °C. Once this temperature was reached, the 
appropriate amount of WO3 was added. After 30 min, NaOH was dropped into the mixture 
until the pH reached 6.8. A large amount of black precipitate was then generated. The 
suspension was stirred for 1 h and the obtained precipitates were filtered under vacuum and 
washed with double distilled water until no chloride was found in the filtrate (tested with 
AgNO3). The particles were dried in a desiccator under vacuum with silica gel. Finally, the 
prepared composite particles were calcined at 370 °C (except for the materials used for the 
study of the effect of calcination temperature) for 3 h in static air. 
By applying this procedure, four samples with WO3 weight percent contents of 0.37, 













9.1WO3/Fe3O4) were prepared. The same procedure, without the addition of WO3, was used 
for the synthesis of pure Fe3O4. It should be noted that the Fe3O4 label does not mean that 
the only formed Fe species was magnetite (especially taking into account the calcination 
step during the sample preparation). 
2.3. Characterization 
The amount of WO3 in the synthesized samples was determined by inductively coupled 
plasma–optical emission spectroscopy (ICP–OES) using a Thermo Scientific iCAP 6500 
DuoICP spectrometer after microwave-assisted acid decomposition procedure. 
The morphology of all samples was observed on a JEOL JSM−6460LV scanning electron 
microscopy (SEM) instrument. 
Transmission electron microscopy (TEM) observations were carried out by JEOL JEM-
1400 Plus with an acceleration voltage of 120 kV. Before TEM measurements, a suspension 
of 10 mg of sample in ethanol was prepared in a 50 mL volumetric flask and treated for 10 
min in an ultrasonic bath. From the obtained dispersion, 5 μL were transferred on a holey 
carbon coated Cu grid. After drying at room temperature, the sample was used for 
measurement. High resolution transmission electron microscopy (HRTEM) and energy 
dispersive X-ray (EDX) mapping analysis were carried out by Talos F200X-FEI. The 
sample was prepared according to TEM procedure. 
The X-ray powder diffraction (XRPD) measurements were performed on a Philips 1050 
X-ray powder diffractometer using Ni-filtered Cu Kradiation and Bragg–Brentano 
focusing geometry. The patterns were taken in the 10–70° 2range with a step of 0.05°and 
an exposure time of 6 s per step. Using the X-ray Line Profile Fitting Program (XFIT) with 
a Fundamental Parameters convolution approach to generating line profiles [35], the 
coherent domain sizes of the synthesized powders were calculated. Additional, XRPD 
measurements were conducted on Rigaku Smartlab X-ray Diffractometer in θ-θ geometry 
(the sample in horizontal position) in parafocusing Bragg-Brentano geometry using D/teX 
Ultra 250 strip detector in 1D XRF suppression mode with CuKα1,2 radiation source (U = 40 
kV and I = 30 mA). The XRPD patterns were collected in 1590° 2θ, with the step of 0.01°, 
and the data collection speed of 3 °/min. The low background single crystal silicon sample 
holder was used to minimize the background. The crystal phases were identified in 
dedicated Rigaku PDXL 2.0 software (with implemented ICCD PDF-2 2016 database).  
Nitrogen adsorption-desorption isotherms were measured at 196 °C using an automated 
apparatus Sorptomatic 1990, Thermo Finningen. Before the adsorption, the samples were 













The specific surface area of the samples, SBET, was calculated according to the Brunauer, 
Emmet, Teller method, from the linear part of the nitrogen adsorption isotherms at relative 
pressure region determined according to Thommes at al. [36]. Micropore volumes (Vmic) 
were estimated according to the Dubinin–Radushkevich method [37]. Mesopore volume 
(Vmeso) and pore size distribution were determined from the desorption branch of the 
isotherms using the Barrett–Joyner–Halenda [38] model with standard isotherm of Lecloux 
and Pirard [39] in the relative pressure region which corresponds solely to the mesoporous 
area (pore width 2−50 nm). 
The UV-Vis diffuse reflectance spectra (UV-Vis DRS) were obtained by using a Nicolet 
Evolution 500 spectrophotometer equipped with a diffuse reflectance accessory, in the 
wavelength range of 250−800 nm using a SRS-99-010 Labsphere Spectralon as reference 
material.  
The magnetic properties were investigated on a commercial SQUID-based Quantum 
Design XL-5 magnetometer equipped with a superconducting coil capable of producing 
magnetic fields in the range −5 T to +5 T. The field dependence of the isothermal 
magnetisation was measured at 27 °C and −268 °C. For low-temperature measurements, 
samples were cooled down in a zero magnetic field. 
The efficiency of magnetic separation of photocatalyst from suspension was measured by 
a modified commercial spectrophotometer (CECIL Instruments Cambridge). This 
modification relates to a newly constructed holder for the samples, which allowed the 
presence/absence of a permanent magnet (Fig. S4). Cylindrical Pyrex tubes with an outer 
diameter of 24 mm and a wall thickness of 1.5 mm were used as sample containers. The 
separation efficiency for the studied materials was determined by measuring transparency at 
a wavelength of 480 nm. The magnet used had a magnetic field strength of 160 mT. The 
magnetic field strength was measured using a calibrated magnetometer (Sentron AG, CH-
6300, ZUG). In all measurements, the material (0.05 g) was suspended in distilled water (30 
mL). Subsequently, the slurry was intensively mixed, and after mixing was stopped, the 
transparency values were read at appropriate time intervals. For all studied materials, firstly, 
the separation efficiency was measured under the action of the gravitational field (GF, 
without magnet) and then under the magnetic field (MF). All measurements were carried out 
in triplicate. 
 













The catalytic efficiency of the prepared WO3/Fe3O4 catalysts was studied in a batch 
reactor made of Pyrex glass (total volume cca. 100 mL, solution depth 46 mm). The UV 
radiation was provided by a 125 W high-pressure mercury lamp (λ > 290 nm, Philips HPL-
N, emission bands in UV region at 304, 314, 335, and 366 nm, with the maximum emission 
at 366 nm) [40]. The intensity of UV radiation was 3.57 · 10−3 W cm−2. Irradiation with 
simulated sunlight (SS) radiation was performed using a set of four 35 W halogen lamps (λ 
> 300 nm, VITO, MR16), placed symmetrically around the reactor. The emission spectrum 
of the halogen lamps is illustrated in Fig. S2. UV and Vis radiation intensities for the 
applied SS radiation were 1.8 · 10−4 W cm−2 and 116.2 · 10−3 W cm−2, respectively. 
Appropriate amounts of WO3/Fe3O4 and H2O2 were suspended in 30 mL of TCL aqueous 
solution (except for the study of direct photolysis), and the pH was adjusted by adding 
H2SO4 or NaOH. The suspension was stirred continuously in darkness for 15 min before 
irradiation so as to ensure equilibrium adsorption of TCL by the photocatalyst and to obtain 
a constant irradiation intensity output. The absence of adsorption of TCL on the 
photocatalyst was preliminarily checked by an experiment in the dark lasting 2 h. 
Oxygen (99.99% purity) was continuously fed to the bottom of the reactor at a constant 
flow rate of 5 mL min−1. Apart from oxygen bubbling, the solution was homogenised with 
the aid of a stirring bar, to ensure completely mixed batch conditions. Control experiments 
carried out under O2 flow by stopping the irradiation showed that there were no losses of 
volatile compounds during degradation. The temperature of the reaction solution was kept at 
25 ± 0.5 °C throughout the experiment by a water circulation system. 
 
2.5. Analytical procedure  
For the kinetic studies of TCL removal by liquid chromatography-diode array detection 
(HPLC-DAD), 0.5 mL aliquots of the reaction mixture were sampled at the beginning of the 
experiment and at various time intervals during irradiation, followed by filtration through a 
Millipore (Millex-GV, 0.22 μm) membrane filter. The absence of pesticide adsorption onto 
the filter was confirmed by preliminary testing. 
Measurements were carried out on a Shimadzu 20A series ultra-fast liquid 
chromatograph (UFLC, Shimadzu Cooperation), equipped with a ZorbaxEclypse XDB-C18 
(150 mm × 4.6 mm i.d., particle size 5 μm) column. The injection volume was 20 μL. The 
column temperature was held at 25 °C, the eluent was a mixed solution of 0.1% H3PO4–
ACN (7 : 3, v/v), pH 2.56, and the total flow rate was 1.0 mL min−1. TCL elution was 













pH measurements were made using a Hanna Instruments combined glass electrode (Kehl, 
Germany), on a previously calibrated pH-meter (Iskra, Kranj, Slovenia). 
The radiation energy fluxes were measured using a Delta Ohm HD 2102.2 (Padova, 
Italy) radiometer which was fitted with the LP 471 UV (spectral range 315400 nm) and LP 
471 RAD (spectral range 400–1050 nm) sensors. 
 
3. Results and discussion 
3.1. Structural characteristics 
3.1.1. SEM and TEM analysis of WO3/Fe3O4 catalysts 
In addition to the starting WO3 and the synthesized catalysts, an SEM micrograph of 
Fe3O4 is also shown in Fig. 1. The difference in the morphology of Fe3O4 (unmodified 
support, Fig. 1a) and WO3 samples (Fig. 1b) is quite obvious. In contrast, differences 
between pure Fe3O4 and the synthesized catalysts are almost unobservable (Fig. 1cf). The 
SEM images of the synthesized catalysts indicate that the particles form clusters of irregular 
shapes whose size varies between 20 and 40 nm. The WO3 particles were substantially 
larger in size and shape, 60700 nm. 
The cloudy form of irregular shapes is characteristic for Fe3O4 support, as well as for all 
photocatalysts. The separation of WO3 species on Fe3O4 support is not recognisable even in 
the micrography of the sample with the greatest amount of WO3 (9.1WO3/Fe3O4). 
 
 
Fig. 1. SEM images: (a) unmodified Fe3O4 and (b) unsupported WO3 species. Synthesized 
nanopowders:  














The TEM micrograph of calcinated unmodified Fe3O4 (Fig. 2a) indicates its complex 
composition. Individual domains, that build an almost mosaic structure are clearly visible, 
and the smallest recognizable ones do not exceed 8 nm along the longest axis. On the other 
hand, on the WO3 micrograph (Fig. 2b), a lot of rods or prismatic like structures that reach 
lengths up to 75 nm can be seen. 
Many spheroidal structures of very different dimensions, ranging from just several 
nanometres to over 250 nm, can be found on the micrography of sample 6.1WO3/Fe3O4 
(Fig. 2c). Although a certain mosaic structure is visible, especially on the particles marked 
by arrows, it is almost impossible to spot the building units of similar morphology that exist 
in Fig. 2a and b. This suggests that the applied procedure of photocatalyst synthesis does not 
simply deposit Fe species on WO3.  
 
Fig. 2. TEM images of: (a) unmodified Fe3O4, (b) unsupported WO3 species, and synthesized 
nanopowder 6.1WO3/Fe3O4. Line bar 100 nm. 
 
The TEM-EDX analysis of the 6.1WO3/Fe3O4 photocatalyst confirmed the presence of Fe, O and 
W (Fig. 3). Although in the presence of W there was some non-homogeneity (more intensively green 




Fig. 3. TEM and EDX mapping analysis of 6.1WO3/Fe3O4 photocatalyst. 
 













Fig. 4 contains nitrogen adsorption/desorption isotherms of the four synthesized catalysts, 
as well as isotherms of unmodified Fe3O4 and unsupported WO3, while the corresponding 
calculated textural parameters are given in Table 1. 
The isotherm of unsupported WO3 belongs to type II which is characteristic for non-
porous and macroporous materials [36]. Although it is difficult to distinguish between these 
two groups of materials by N2 physisorption measurements alone, the small specific surface 
area and the negligible content of the micro- and mesopores volume, as well as the results of 
the SEM measurements, indicate the non-porous property of the synthesized WO3. 
 
Fig. 4. Nitrogen isotherms at −196 °C of unsupported WO3, unmodified Fe3O4 and WO3/Fe3O4 
catalysts (adsorption - filled symbols; desorption - empty symbols). 
 
It should be noted that the values of the specific surface area (SBET) determined by the 
nitrogen physisorption at -196 °C, do not necessarily represent the specific surface area of 
the material. The inability of N2 to fill the ultramicropores present in the hexagonal WO3 (h-
WO3) structure was demonstrated by Sun et al. [41]. They reported measured SBET values 
(applying N2 at −196 °C) of h-WO3 that is practically identical to the SBET value of the WO3 
sample presented in this work (8.1 vs 8.0 m2 g1), and differ significantly from the SBET of 
monoclinic WO3 structure (5.7 m
2
 g
1). Thus, the results of Sun et al. [41] suggest that our 
applied synthesis procedure lead to the formation of hexagonal WO3 structure. 
 
Table 1. Results of N2 physisorption and XRD measurements 
 













m2 g1 cm3 g1 cm3 g1 nm 
Hematite Magnetite 
ratio 
Fe3O4 54.2 0.281 0.021 18.1 10.4 13.8 9.2 
0.4WO3/Fe3O4 55.7 0.257 0.019 19.5 10.7  12.3 4.6 
1.4WO3/Fe3O4 65.6 0.278 0.022 14.6 14.2  13.2 1.8 
6.1WO3/Fe3O4 80.2 0.332 0.026 14.0   6.4 14.9 0.2 
9.1WO3/Fe3O4 81.4 0.283 0.026   9.4   6.6 12.8 0.4 
WO3   8.0 0.014 0.003  - - -  
aDmax maximum pore width; bHematite to magnetite ratio 
The positive slope across much of the relative pressure range, the indication of a plateau 
in the region of high relative pressure, and the existence of a hysteresis loop associated with 
the filling/emptying of pores phenomena, all point out the mesoporous nature of the 
unmodified Fe3O4 and all the synthesized catalysts, classifying the obtained isotherms as 
Type IV according to IUPAC [36]. Although the shapes of all the isotherms and their 
hysteresis loops are similar, some differences can be seen on the slope and position on the 
desorption branches. This indicates a particular difference in the mesopore region of the 
analysed samples. 
Indeed, the results in Table 1 and pore size distribution (Fig. S3) show that the values of 
textural parameters are changed by the addition of WO3. This applies in particular to the 
maximum pore width (Dmax), which decreases from 18.1 nm for unmodified Fe3O4 to 9.4 nm 
for the catalyst with the highest content of WO3. The high value of Dmax is significant 
because it ensures the absence of diffusion limitation during photodegradation process 
(which is even the case for the catalyst with the highest content of WO3). 
The apparent increase in SBET caused by the addition of WO3 (despite its small specific 
surface area) can have a chemical or physical origin. Chemical origin implies the creation of 
a new phase (or phases) caused by the chemical interaction of the WO3 added to the present 
Fe-types. Physical origin implies changing the crystallization mechanism of Fe-species due 
to the existence of numerous crystallization centres that originates from WO3, with a 
possible change in Fe-species ratio present in the unmodified Fe3O4. In principle, the 
chemical or physical origins do not exclude each other, nor do they eliminate the increase in 
the amount of amorphous phase(s). 
 
3.1.3. XRD measurements of WO3/Fe3O4 catalysts 
The XRD patterns of the synthesized catalysts, unmodified Fe3O4 and unsupported WO3 
are shown in Fig. 5. The calculated crystallite sizes of phases identified in the catalysts, as 














Fig. 5. XRD pattern of unsupported WO3, unmodified Fe3O4 and WO3/Fe3O4 catalysts. 
 
For the sake of comparison, the signal of the unsupported WO3 shown in Fig. 5 has been 
reduced in intensity four times in relation to the original values, and corresponds to the 
hexagonal WO3 identified by Marques at al. (ICDD 01-075-2187) [42]. These authors 
synthesized hexagonal WO3 nanoparticles from aqueous solutions of Na2WO4∙2H2O and 
Na2SO4 at pH = 1.8, whereas with the same synthesis procedure at pH = 0.0 and 0.4, they 
obtained monoclinic WO3 and orthorhombic WO3∙0.33H2O species respectively. 
The crystallite size of the obtained unsupported h-WO3 is 9.2 nm. The presence of any 
WO3 phases cannot be identified on the diffractograms of the WO3/Fe3O4 catalysts 
containing the two lowest WO3 concentrations. Furthermore, there is no evidence of an 
increase in amorphisation in the diffractograms of the WO3/Fe3O4 catalysts synthesized, as a 
result of WO3 modification. 
The barely visible peak at 2θ ≈ 28.15° is the only evidence of the presence of WO3 phase 
in the catalysts with a higher tungsten concentration (6.1 and 9.1% WO3). This could 
indicate a high irregularity of the WO3 phase in the synthesized WO3/Fe3O4 catalysts, 
although the possibility of the presence of the tungsten in another phase cannot be ruled out. 
Using the same synthesis procedure to produce unmodified Fe-oxide material (without 
WO3) results in the presence of two Fe-oxide phases: hematite (α-Fe2O3) and magnetite 
(Fe3O4), in a 9.2 to 1 ratio. Despite the appropriate 1:2 molar ratio of Fe
2+:Fe+3 used in the 
synthesis process to obtain magnetite, the content of Fe3O4 in the final product is relatively 













atmosphere. Given the last stage of the synthesis (calcination at 370 °C, for 3 h in the 
presence of oxygen from the air), a phase transition from Fe3O4 to Fe2O3 is very plausible 
[43,44], especially when taking into account the small crystallite dimension of the obtained 
magnetite [45]. 
The influence of tungsten addition on the Fe-oxide phase ratio (α-Fe2O3 to Fe3O4) is a 
particularly interesting result of this study. Introducing even the smallest amount of tungsten 
significantly increases the amount of magnetite produced, with a corresponding drop in the 
hematite content. The highest concentration of magnetite, almost 80%, is found in the 
sample with 6.1% WO3. This corresponds to an 8-fold increase of Fe3O4 compared to its 
content in the unmodified Fe-oxide substance. 
The crystallite size of the Fe3O4 in the catalysts does not change significantly and is 
around 13 nm, except for the 6.1WO3/Fe3O catalyst which has a dimension of about 15 nm. 
At the same time, a significant drop in the crystallite size of the hematite phase can be seen 
in the two catalysts with greater WO3 contents. 
Additionally, results of XRPD measurements and identification (Rigaku Smartlab X-ray 
Diffractometer in θ-θ geometry) are shown in Figs. S4-S6. It can be seen that the only 
difference with the results of XRDP measurements previously presented in the manuscript 
was a slightly better signal to noise ratio obtained by subsequent measurements. In the 
6.1WO3/Fe3O4 photocatalyst diffractogram, the presence of hexagonal WO3 was confirmed 
(Figs. S4 and S6), and also the presence of both iron phases hematite Fe2O3 and magnetite 
Fe3O4.  
By analyzing the micrographs obtained from the HRTEM measurements, the interplanar 
distance values (Fig. S7 and Table S1) were determined. The calculated values are 
compared with those listed in ICCD cards. The close values for interplanar distance 
obtained by comparison (Table S1) confirm the justification of the proposed phase 
composition of the 6.1WO3/Fe3O4 photocatalyst.  
Overall the results of XRD, SEM and TEM measurements showed that the applied 
procedure resulted in well-dispersed WO3 species on mixed Fe-oxide (Fe3O4-Fe2O3). 
As far as we know, there is no data in the literature about the possibility of controlling the 
Fe2O3 to Fe3O4 phase ratio using W or WO3. Upcoming research should provide us with 
further insight into the full potential of this approach in phase ratio control, especially taking 
into account the effects of different synthetic parameters (e.g. wider molar ratio of WO3 to 















3.1.4. Magnetic characterization 
The results of the magnetic properties of unmodified Fe3O4 and WO3/Fe3O4 catalysts 
measured at -268 °C (saturation magnetisation - Ms; remanent magnetisation - Mr; coercive 
field from descending - Hc- and ascending - Hc+ branches) are given in Table 2. In 
additional, hysteresis curves of the same materials measured at 27 °C are presented in Fig. 6. 
Each curve contains the corresponding saturation magnetisation values. 
 
Table 2. Characteristic parameters from magnetic hysteresis 









Fe3O4   5.4   1.7 −465 396 
0.4WO3/Fe3O4 18.6   6.1 −412 334 
1.6WO3/Fe3O4 23.9   6.9 −362 301 
6.1WO3/Fe3O4 43.2 11.9 −283 252 
9.1WO3/Fe3O4 35.8   9.9 −305 271 
 
Although a hysteresis loop exists for all samples for the measurements at −268 °C, the 
quadrants of Fig. 6 only show the hysteresis loop of the unmodified Fe3O4. The insert in the 
fourth quadrant shows part of the loop in the low field region, with values of Mr, Hc- and 
Hc+, for the same sample. The hysteresis loop of the unmodified Fe3O4 sample was selected 
for presentation because the loop for this sample is the widest (i.e. the descending and 














Fig. 6. First and third quadrant - hysteresis loop measured at 27 °C for the catalysts and Fe3O4 
unmodified with WO3; Second quadrant - hysteresis loop curve of Fe3O4 measured at −268 °C; 
Fourth quadrant - low field region with values of Mr, Hc- and Hc+ (units omitted). 
 
The saturation magnetisation value (Table 2) is the smallest for the sample unmodified 
with WO3 (5.4 emu g
1). The significantly lower Ms value of this sample compared to the 
values given for the bulk magnetite material [46] reflects the amount of magnetite phase 
present in the sample. The influences of crystallite and the particle size of magnetite, its 
morphology and texture, as well as the presence of a hematite phase (antiferromagnetic 
material below the Morin transition at −23 °C, and a canted antiferromagnetic or weakly 
ferromagnetic above Morin transition and below Néel temperature) are well documented in 
the literature [47–52]. 
For all the samples, the magnetic saturation value is lower for measurements carried out 
at the higher temperature with complete reversibility of the hysteresis curve. The value of 
saturation magnetisation represents complete alignment of the magnetic field vector in the 
direction of the outer magnetic field. Therefore, the decrease in the value of Ms with 
increasing temperature is caused by the inability of magnetic moments to align, due to the 
effect of increasing heat energy. For all measurements at a temperature of −268 °C, the 
values of Hc- and Hc+ are the highest, while the remanent magnetisation is the lowest, for 













The lowest value of Hc- and Hc+ was observed for sample 6.1WO3/Fe3O4, while the 
values of saturation magnetisation and remanent magnetisation are the highest for this 
sample. This result can be explained by the highest magnetite phase content in sample 
6.1WO3/Fe3O4, particularly if the crystallite dimensions of magnetite phase present in all 
samples (based on XRD measurements) are approximately the same. 
The results obtained by the magnetic measurements not only confirm the magnetic nature 
of the synthesized materials but also point to potential differences in their behaviour during 
separation from the working solution of the suspension. 
 
3.1.5. UV-Vis DRS of WO3/Fe3O4 catalysts 
In addition to chemical composition, morphological and structural properties, for the 
catalytic application of the materials, their optical properties are significant, primarily 
absorption in the UV-Vis range of the electromagnetic spectrum. Therefore, DRS 
measurements were performed in the UV-Vis region. 
From the obtained DRS spectra (Fig. 7) it follows that the absorption of the synthesized 
catalysts in the observed wavelength range was similar to that obtained for unmodified 
Fe3O4 and significantly higher than WO3. It can be concluded that an efficient charge carrier 
separation for the synthesized catalysts can be achieved using SS radiation. Comparing the 
reflectances at 752 nm, it can be noticed that the 6.1WO3/Fe3O4 catalyst showed the highest 
absorption, and therefore it could be expected to show the highest degradation efficiency. 












































Fig. 7. UV-Vis DRS of unsupported WO3, unmodified Fe3O4 and WO3/Fe3O4 catalysts. 
 













3.2.1. Effect of WO3 content in WO3/Fe3O4 catalyst 
By applying various AOPs under the influence of UV radiation, it has been observed that 
TLC is susceptible to degradation, with the highest degradation efficiency determined using 
the Fe3O4/H2O2 system (Fig. 8). For this system, the degradation efficiency was 93.7% after 
2 h of irradiation. Furthermore, the efficiency of semiconductor catalysis with Fe3O4 was 
significantly improved by indirect photolysis. As can be seen from Fig. 8, in the presence of 
H2O2 alone, just 73.8% of TLC was degraded in the same irradiation period. Note that 
hydrogen peroxide can contribute to overall efficiency both as an electron scavenger, and 
also as a component of the photo-Fenton process [53]. 
An experiment with unsupported WO3 was also conducted to examine its contribution to 
overall degradation efficiency. Unsupported WO3 was added at a substantially higher mass 
concentration (67 mg L−1) than the amount present in 0.42 g L−1 of 9.1WO3/Fe3O4 (38 mg 
L−1), but the reduced efficiency of the WO3/H2O2 system can be explained by the still 
significantly lower initial mass concentration of WO3 (67 mg L
−1) compared to that of the 
other materials used (0.42 g L−1). For the studied materials, in the presence of H2O2 and UV 
radiation (Fig. 8), it can be concluded that increasing the WO3 content leads to a decrease in 
degradation efficiency in the sequence 0.4WO3/Fe3O4 (91.3%) > 1.4WO3/Fe3O4 (85.6%) > 
6.1WO3/Fe3O4 (83.8%) > 9.1WO3/Fe3O4 (63.4%).  
 
















































Fig. 8. Effect of WO3 content in WO3/Fe3O4 on the kinetics of TCL photodegradation in the 
presence of UV radiation. Operating conditions: [TCL]0 = 0.38 mM, [H2O2]0 = 45 mM, 
photocatalysts = 0.42 g L-1 and pH = 2.8. 
 













The effect of catalyst loading on the degradation efficiency of TCL was investigated 
keeping all other experimental parameters constant, and the results are shown in Fig. 9. The 
effect was tested for 6.1WO3/Fe3O4 loading in the range from 0.21 to 1.67 g L
−1 (Fig. 9a). A 
steady increase in the degradation efficiency up to 0.42 g L−1 of catalyst was observed, with 
a subsequent reduction in efficiency (Fig. 9b). The increase of catalyst loading from 0.21 to 
0.42 g L−1 enhanced degradation efficiency due to the increase in the catalyst surface area, 
which enhances the absorption of photons. The degradation efficiency decrease at loading 
above the optimum value of 0.42 g L−1 can be explained by the reduced penetration of 
radiation and deactivation of activated molecules due to collision with the ground-state 
molecules [54]. Accordingly, the overall number of photons that can be reached by the 
catalyst particles and the production of •OH radicals both decreased with the greater loading 
of the catalyst. Further, at higher catalyst loading it is difficult to maintain a homogeneous 
suspension due to particle agglomeration which decreases the number of active sites [55]. 
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Fig. 9. Effect of 6.1WO3/Fe3O4 loading on the kinetics of TCL photodegradation (a) and degradation 
efficiency after 120 min of UV irradiation (b). Operating conditions: [TCL]0 = 0.38 mM, [H2O2]0 = 














3.2.3. Effect of calcination temperature 
Calcination temperature has a very important influence on the optical properties, crystal 
size, and crystal structure of the prepared photocatalyst [56]. Hence, 0.4WO3/Fe3O4 catalyst 
was calcined at 100, 200, 300, 370, and 500 °C, and results of the subsequent degradation 
efficiency are shown in Fig. 10. It was found that TCL degradation efficiency decreases by 
15% when the calcination temperature increases from 100 to 300 °C, followed by an 
increase in decomposition efficiency by 21% with an increase in temperature to 370 °C (Fig. 
10b). Further increases in calcination temperature did not lead to significant changes in the 
efficiency of TCL degradation.  

























































Fig. 10. Effect of the calcination temperature of 0.4WO3/Fe3O4 on the kinetics of TCL 
photodegradation (a) and degradation efficiency after 120 min of UV irradiation (b). Operating 













3.3. Simulated sunlight photodegradation studies 
3.3.1. Effect of WO3 content in WO3/Fe3O4 catalyst 
Bearing in mind the significant potential application of the photo-Fenton process using 
solar radiation, further tests were conducted to examine the performance of different AOPs 
through degradation of TCL under SS radiation. This light source ensures degradation 
proceeds similarly to  a practical application under sunlight. Based on the results shown in 
Fig. 11, it can be concluded that all the applied AOPs under the influence of SS radiation 
lead to TCL photodegradation.  



















































Fig. 11. Effect of WO3 content in WO3/Fe3O4 on the kinetics of TCL photodegradation in the 
presence of SS radiation. Operating conditions: [TCL]0 = 0.38 mM, [H2O2]0 = 45 mM, 
photocatalysts = 0.42 g L-1 and pH = 2.8. 
 
Comparing the results obtained under SS radiation (Fig. 11) with those obtained for the 
same processes carried out in the presence of UV radiation (Fig. 8), in all cases a reduced 
efficiency was observed. However, in comparison with pure WO3 and Fe3O4, all synthesized 
WO3/Fe3O4 catalysts showed a higher efficiency. From all of the tested WO3/Fe3O4 
catalysts, 6.1WO3/Fe3O4 catalyst showed the highest photocatalytic efficiency (66.1% TCL 
was removed after 120 min of irradiation). This is in accordance with the obtained DRS 
spectra, based on which it is assumed that this catalyst exhibits photocatalytic activity in the 
visible part of the electromagnetic spectrum. Experimental results also indicate that the 
overall efficiency of photocatalytic degradation in the presence of SS radiation is the result 
of the heterogeneous photo-Fenton process [57,58], as well as of the coupling effect of the 













additional experiments were performed (Fig. 12). In the presence of SS radiation, the use of 
a heterogeneous photo-Fenton system that includes 6.1WO3/Fe3O4/H2O2 resulted in a 2.2 
times higher degradation efficiency compared with the unmodified Fe3O4/H2O2 system. 
From these results, it can be concluded that besides the influence of the heterogeneous 
photo-Fenton process on the degradation efficiency, the coupling effect of the 
semiconductor also has a significant influence. 












































Fig. 12. Effect of the synergistic and heterogeneous photo-Fenton process of the catalyst on the 
kinetics of TCL photodegradation in the presence of SS radiation. Operating conditions: [TCL]0 = 
0.38 mM, photocatalysts = 0.42 g L1. 
 
3.3.2. Effect of initial H2O2 concentration  
As can be seen from Fig. 13, the initial H2O2 concentration is an important parameter for 
the efficiency of the 6.1WO3/Fe3O4 catalyst. However, increasing the amount of H2O2 added 
did not result in a linear increase in the efficacy of TCL photodegradation (Fig. 13b). While 
a rapid increase in the efficacy occurred at H2O2 concentrations from 0 to 22.5 mmol L
−1 
(62% of the TCL was degraded after 120 min of irradiation), in the concentration range of 
45–67.5 mmol L−1 only a slight increase was observed (8.6%) (Fig. 13b). This behaviour 
can be explained by the fact that the higher concentrations of H2O2 result in a higher steady-
state •OH concentration and degradation efficiency of TCL [61]. Furthermore, H2O2 can 
increase the regeneration of Fe(III) from Fe(II) via photo-Fenton reduction and consequently 
increase the formation of •OH radicals [62]. On the other hand, at higher concentrations, 
H2O2 also acts as an 
•OH scavenger, producing the much less reactive hydroperoxyl radical 
( 2HO ), whereby less 
















































































Fig. 13. Effect of initial H2O2 concentration on the kinetics of TCL photodegradation (a) and 
degradation efficiency after 120 min of SS irradiation (b). Operating conditions: [TCL]0 = 0.38 mM, 
6.1WO3/Fe3O4 = 0.42 g L1 and pH = 2.8. 
 
3.4. Synergistic effect in the photocatalytic degradation with WO3/Fe3O4 
 
Research into the fabrication of heterostructured semiconductor phase-junctions has 
recently been very active because of their high effectiveness in promoting the separation of 
photogenerated charge carriers and improving photocatalysis properties, especially 
regarding the utilization of visible light. Heterostructured photocatalysts with direct contact 
between p-type and n-type semiconductors have received broad attention because the large 
potential gradient and built-in electron field established at the junction level can induce 
efficient charge separation [63–65]. 
In iron oxide–semiconductor systems, iron oxides can be narrow band gap 
semiconductors, with a band gap value for Fe2O3 of 2.2 eV, and they can also absorb visible 













most common wide band gap semiconductors (TiO2 is 3.87 eV, ZnO is 4.35 eV, SnO2 is 4.3 
eV, WO3 is 5.24 eV, etc.) [66]. As shown in Fig. 14, the band configuration and 
photogenerated charge carrier separation at the interface of iron oxide–tungsten trioxide 
(wide band gap) under SS radiation is proposed. Under SS radiation, the photoinduced 
electrons and holes are separated at the interface of the iron oxide–tungsten trioxide. The 
photoinduced electrons in the CB of iron oxide tend to transfer to the CB of the tungsten 
trioxide due to the decreased potential energy, and hence the coupling structure reduces the 
electron-hole recombination probability and increases electron mobility. Thereby the 
electrons and holes are transferred to the surface of the iron oxide and tungsten trioxide, 
respectively, and finally form the most powerful and nonselective ●OH radicals, which can 
damage all types of organic/biomolecules. Super oxygen radical anions (  2O ) are formed 
by the combination of electrons with O2 adsorbed on the surface of the semiconductor. An 
active species trapping test shows that  2O  and 
●OH are the main reactive species and take 
crucial roles in the photocatalytic oxidation reaction regardless of the light source [67,68].  
 
Fig. 14. The charge-transfer process in the WO3/Fe3O4 photocatalyst. After photon excitation by 
radiation, photogenerated electrons (e–) and holes (h+) migrate to Fe3O4 and WO3, respectively, 
and react with the adsorbed species. 
 
Further increases in process efficiency can be attributed to the H2O2 decomposition on 
the iron oxide surface which leads to the formation of larger amounts of radicals (surface 
heterogeneous photo-Fenton process) [69]. Also, the beneficial effect of the presence of Fe3+ 
species on the photocatalytic activity is due to the role of Fe3+ species acting as h+/e− traps, 













in the photodegradation efficiency arises from the surface photoreduction of Fe3+ to Fe2+, 
which produces new radicals in the reaction with H2O2 [69]. 
In our case, using UV radiation (Fig. 8), the main route of radical generation was the 
photolysis of H2O2 [29]. The presence of WO3 in the photocatalysts had a negative effect on 
this pathway of radicals generation. On the other hand, in the experiments performed in the 
presence of SS radiation (Fig. 11), it can be seen that indirect photolysis had a significantly 
smaller effect on the overall efficiency of photodegradation, and that the other paths shown 
in Fig. 14 become dominant in generating radicals; it can also be seen that the presence of 














3.5. Magnetic separation process 
Since the ability to readily separate the WO3/Fe3O4 catalysts is of great importance for 
many applications, their magnetic properties have been studied. The gravity deposition 
efficiency for all tested catalysts ranges from 5.20% (0.4WO3/Fe3O4) to 21.53% 
(6.1WO3/Fe3O4) after a time interval of 120 s (Fig. 15). Under the influence of an external 
magnetic field of 160 mT, a significant increase in the separation efficiency was observed. 
Increasing the content of WO3 in the synthesized catalysts leads to an increase in the 
efficiency of magnetic separation. Even the smallest amount of tungsten added led to an 
increase in the efficiency of magnetic separation, which was almost 50% higher for the 
sample 0.4WO3/Fe3O4 compared to the unmodified Fe3O4. Further enhancement of WO3 
content to 1.4% leads to a slight increase in the magnetic separation efficiency to 58%, 
while further increases in the WO3 content did not lead to significant changes in separation 
efficiency; 52.4% for 6.1WO3/Fe3O4 and 55.2% for 9.1WO3/Fe3O4.  
On the other hand, the magnetic field has a somewhat different effect on the separation 
efficiency given a short separation time (up to 10 s). The most efficient magnetic field 
separation was achieved for the sample 6.1WO3/Fe3O4. In fact, the catalyst separation 
efficiency corresponds closely to the values for their saturation magnetisation presented in 
section 3.1.4. This order of separation efficiency, despite the increase for all catalysts, 
remains unchanged for up to 20 s of separation. It is clear that the influence of the external 
magnetic field during the initial separation phase is related to the magnetite phase content in 
each catalyst. 
Comparing the efficiency of separation with and without the applied magnetic field, the 
positive effect of the external magnetic field is recognisable even over more prolonged 
separation times, but with a somewhat altered order of efficiency in the case of the short 
separation time. This suggests a slightly modified mechanism for the influence of the 
magnetic field on the catalyst separation from suspension over shorter and longer separation 
times. 
It is known from the literature that a spin imbalance between the antiparallel octahedral 
and tetrahedral iron sublattices leads to the ferromagnetic properties of magnetite, as 
magnetic moments of ions in the octahedral sites (Fe2+ and Fe3+) are aligned anti-
ferromagnetically with ions in the tetrahedral sites (Fe3+), resulting in the moments of the 
ferric ions efficiently cancelling each other out and leaving the net magnetic moment to be 
due to the Fe2+ octahedral ions. Consequently, the magnetic properties of magnetite are 













presence of WO3 in an appropriate amount affects the ratio of hematite to magnetite (Table 
1), which probably changes the above-described stoichiometry. Thus, the efficiency of 
applying magnetic catalysts and implementing magnetic separation in AOPs is obvious. 
 
 
Fig. 15. Effect of WO3 content on the efficiency of the magnetic separation of unsupported WO3, 
unmodified Fe3O4 and catalysts (MF - filled symbols; GF - empty symbols). Operating conditions: 
photocatalysts = 1.67 g L1. 
 
4. Conclusions 
WO3/Fe3O4 photocatalysts with different contents of WO3 (0.37, 1.41, 6.13, and 9.11%, 
w/w) were successfully prepared by simple chemical co-precipitation method. The content 
of the magnetite phase in WO3/Fe3O4 powders increased with increasing WO3 content, and 
reached almost 80% for the 6.1WO3/Fe3O4, whereas the sample unmodified with WO3 
contains less than 10% magnetite after the synthesis procedure applied. The increasing 
content of WO3 in the catalysts caused increases in all the textural parameters while their 
mesoporous structure was preserved. Effective charge carrier separation for the synthesized 
catalysts can be achieved using SS radiation. The photocatalytic efficiency of the powders 
was tested for the degradation of TCL under the influence of UV and SS radiation. The 
optimal mass ratio of WO3 towards Fe3O4 in the presence of SS radiation was 6.1% and the 
optimal calcination temperature was 370 °C. The optimum catalyst loading was 0.42 g L−1 
for 6.1WO3/Fe3O4 powder under UV radiation at pH 2.8. Under SS radiation using a 
heterogeneous photo-Fenton system with 6.1WO3/Fe3O4/H2O2 the degradation efficiency 
was 2.2 times greater compared to Fe3O4/H2O2. From the results obtained, it can be 













process, the effect of semiconductors coupling also affects the degradation efficiency to a 
large extent. Finally, the influence of the WO3 content on the magnetic properties of 
WO3/Fe3O4 powders was also examined, with modified spectrophotometric examinations 
revealing different mechanisms for short and long separation times. 
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